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Summary
Background Globally, recommendations are expanding for third (booster) doses of BNT162b2 (Pfizer−BioNTech).
In the United States, as of November 19, 2021, boosters were recommended for all adults aged 18 years and older.
We evaluated the effectiveness of a third dose of BNT162b2 among adults in a large US integrated health system.

Methods In this retrospective cohort study, we analyzed electronic health records from Kaiser Permanente Southern
California between Dec 14, 2020 and Dec 5, 2021 to assess vaccine effectiveness (VE) of two and three doses of
BNT162b2 against SARS-CoV-2 infections (without hospital admission) andCOVID-19-related hospital admission.
VE was calculated using hazards ratios from adjusted Cox models.

Findings After only two doses, VE against infection declined from 85% (95% CI 83−86) during the first month to
49% (46−51) ≥ 7 months following vaccination. Overall VE against hospitalization was 90% (95% CI 86−92)
within one month and did not wane, however, effectiveness against hospitalization appeared to wane among immu-
nocompromised individuals but was not statistically significant (93% [72−98] at 1 month to 74% [45−88] after ≥ 7
months; p=0¢490). Three-dose VE (median follow-up 1¢3 months [SD 0¢6]) was 88% (95% CI 86−89) against infec-
tion and 97% (95−98) against hospitalization. Effectiveness after three doses was higher than that seen one month
after receiving only two doses for both outcomes. Relative VE of three doses compared to two (with at least six
months after the second dose) was 75% (95% CI 71�78) against infections and 70% (48�83) against hospital
admissions.

Interpretation These data support the benefit of broad BNT162b2 booster recommendations, as three doses confers
comparable, if not better, protection against SARS-CoV-2 infections and hospital admission as was seen soon after
receiving two doses.
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Introduction
BNT162b2 mRNA vaccine (tozinameran, Pfizer−BioN-
Tech) has been shown to be highly effective in both clin-
ical1 and real-world settings.2−20 By June and July 2021,
five to six months after the introduction of the vaccine
across the globe, the SARS-CoV-2 delta variant became
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Research in context

Evidence before this study

Following the introduction of a BNT162b2 booster pro-
gram in Israel, several studies have shown that a third
dose of the vaccine improves protection against SARS-
CoV-2 infections and severe disease, compared to indi-
viduals who received only two doses of the vaccine at
least 5 months ago. Data about the effectiveness of
BNT162b2 booster campaigns in the United States and
elsewhere, however, are limited.

Added value of this study

We evaluated the effectiveness of a third dose of
BNT162b2 in a large United States integrated health sys-
tem. Our results confirm that effectiveness wanes after
receipt of two doses of BNT162b2 and that being immu-
nised with a third dose of BNT162b2 confers compara-
ble, if not better, protection against SARS-CoV-2
infections and COVID-19 hospital admissions as was
seen in the first few months after receiving two doses.
Importantly, these findings confirm that three doses
confer high protection against the delta variant, which
accounted for >99% of infections in the United States
during the time when third doses were administered in
our study. Unlike prior studies, however, we further pro-
vide effectiveness estimates for three doses compared
to unvaccinated individuals to provide helpful context
and support the interpretation of our findings. Com-
pared to the unvaccinated, effectiveness of being
immunized with a third dose of BNT162b2 was 88%
(95% CI 86−89) against infections not requiring hospital
admission, 90% (88−92) against symptomatic COVID-19
not requiring hospital admission, and 97% (95−98)
against COVID-19-related hospital admissions among all
adults aged ≥18 years.

Implication of all the available evidence

Data from this study, combined with the improved
immunogenicity, high efficacy, and tolerable safety pro-
file of a third BNT162b2 dose observed in the clinical
trial setting and with preliminary real-world data from
the BNT162b2 booster program in Israel, support the
benefit of broad age-based recommendations for third
doses—especially in the context of the delta variant
and introduction of the highly transmissible omicron
variant. Additional studies evaluating the real-world
effectiveness of both two and three doses of BNT162b2
against the newly emerged omicron variant are still
needed.
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the predominant strain worldwide. Subsequently,
reports describing reduced effectiveness of BNT162b2
(and other COVID-19 vaccines) against SARS-CoV-2
infections began to surface7,18,21,22 and there was con-
cern that infections with delta could evade vaccine-
induced immunity.
In a recent publication we showed that reductions in
BNT162b2 effectiveness over time were primarily due
to waning immunity rather than the delta variant escap-
ing vaccine protection.23 We, thus, proposed that third
(booster) doses of BNT162b2 would likely be needed to
restore initial high levels of protection.23 Clinical studies
demonstrating improved immunogenicity and efficacy
following a third dose of BNT162b2 subsequently
informed Emergency Use Authorization for third dose
use24−27 and supported global recommendations for
booster doses.28−31 Israel was the first country to
implement a widespread BNT162b2 third dose
programme,31,32 and by August 30, all Israeli citizens
≥ 12 years of age were eligible. Early estimates showed
that a third dose of BNT162b2 restored high levels of
protection and led to significantly lower rates of SARS-
CoV-2 infection, symptomatic COVID-19, and severe ill-
ness compared to individuals who only had two
doses.26,32−34

On August 12, 2021, the US Food and Drug Admin-
istration (FDA) amended the emergency use authoriza-
tion for BNT162b2 to allow the use of a third dose in
immunocompromised individuals.35 On September 22,
2021, FDA authorized third doses for all adults aged
65 years and older and for adults 18�64 years of age at
high-risk of severe disease or institutional and/or occu-
pational exposure.36 FDA and CDC expanded eligibility
for a third dose to all individuals aged 18 years and older
on November 1935 and to everyone aged 16 years and
older on December 15, 2021.36

Despite early encouraging data from Israel, real-
world data about the effectiveness of BNT162b2 booster
campaigns in the United States and elsewhere are lim-
ited. We evaluated the vaccine effectiveness (VE) of a
third dose of BNT162b2 in a large United States inte-
grated health system.
Methods

Study design and participants
In this retrospective cohort study, we analyzed elec-
tronic health records from the Kaiser Permanente
Southern California (KPSC) health-care system (CA,
USA) to assess effectiveness of a third dose of
BNT162b2 against SARS-CoV-2 infections and COVID-
19-related hospital admissions. KPSC is an integrated
health-care organization with more than 4¢7 million
members, representative of the socioeconomic, racial,
and ethnic diversity of the area's population.37 KPSC
electronic health records integrate clinical data across
all settings of care, including care delivered to members
outside of the KPSC system.

The study population consisted of all KPSC mem-
bers aged 18 years and older with at least 1 year of mem-
bership (allowing a 31-day gap during previous
membership to allow for potential delays in renewal) to
www.thelancet.com Vol 00 Month , 2022
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determine comorbidities and medical history. Patients
with a documented request to be removed from all
research studies were excluded. The start of the study
period (December 14, 2020) corresponded to the date
the first doses of BNT162b2 were administered to KPSC
members. The study protocol was reviewed and
approved by the KPSC institutional review board which
waived requirement for informed consent (number
12816).
Procedures
COVID-19 vaccines were provided to KPSC members
free-of-charge. COVID-19 vaccines administered to
members outside of the KPSC system during the study
period were captured using batch queries to the Califor-
nia Immunisation Registry. California providers are
required by law to report all COVID-19 vaccine adminis-
trations to the registry every 24 h.

The primary exposure was being immunised with
three doses of BNT162b2, defined as receiving a third
dose of BNT162b2 at least 21 days after receiving two
doses of BNT162b2 with at least 14 days after the third
dose. Only individuals vaccinated with a third dose of
BNT162b2 after August 12, 2021 (the first FDA authori-
zation) were included in the third dose analysis. Individ-
uals who received a third dose of BNT162b2 prior to this
date, who had a third dose < 21 days after their second
dose of BNT162b2, or who received a COVID-19 vaccine
third dose that was not BNT162b2 were censored from
the analysis. Immunisation with only two doses of
BNT162b2 was defined as receiving two doses of
BNT162b2 with 7 days or more after the second dose
(and no third dose). This was consistent with our previ-
ous definition23 and the pivotal randomized clinical trial
definition of “fully vaccinated.”(1) Individuals were con-
sidered unvaccinated until receipt of their first dose of
BNT162b2, or censoring at disenrollment, death, or
receipt of another COVID-19 vaccine.
Outcomes
Similar to our previous analysis,23 our two main out-
comes (which were mutually exclusive) were (i) SARS-
CoV-2 infection defined as testing positive for SARS-
CoV-2 via a PCR test from any sample regardless of the
presence of symptoms and without hospital admission,
and (ii) COVID-19-related hospital admission defined as
a hospital admission with a positive SARS-CoV-2 PCR
test that was conducted between 14 days before and
3 days after the date of hospital admission.
Statistical analysis
Using descriptive statistics, we detailed the distribution
of demographic and clinical characteristics of the study
cohort by BNT162b2 vaccination status and history of
SARS-CoV-2 infection. Median time since being
www.thelancet.com Vol 00 Month , 2022
immunised with three doses and with only two doses as
well as the time between receipt of second and third
doses of BNT162b2 was also described. Hazard ratios
(HRs) with 95% CIs from Cox models with time-varying
covariates were estimated comparing rates of SARS-
CoV-2 infection and COVID-19 hospital admissions
among individuals who were immunised with three
doses or two doses compared to those who were unvac-
cinated. Further, among a population restricted to indi-
viduals immunized with at least two doses at least six
months ago (i.e., eligible for a third dose in the United
States), we estimated HRs for relative effectiveness of a
third BNT162b2 dose versus two BNT162b2 doses, as
has been done in other studies.26,32−34

BNT162b2 vaccination status was categorized as
time-varying, with all participants entering the cohort as
unvaccinated. As participants received vaccines over
time, their vaccination exposure status changed accord-
ingly, contributing person-time to the partially vacci-
nated category after their first dose, the fully vaccinated
with two doses category ≥ 7 days following their second
dose, and so on. Follow-up time was censored at the
time of disenrollment from KPSC, death, receipt of any
other newly licensed or investigational COVID-19 vac-
cine or prophylactic agent other than BNT162b2, receipt
of a third dose of BNT162b2 prior to August 12, 2021 or
< 21 days after a second dose of BNT162b2, receipt of a
non-BNT162b2 COVID-19 vaccine, or receipt of more
than three doses of BNT162b2. Unexposed person-time
consisted of follow-up time of those never vaccinated
against COVID-19, as well as time contributed by partic-
ipants before being vaccinated or censored. Calendar
time was included in all models to allow the baseline
hazard to vary flexibly as vaccine eligibility, testing prac-
tices, non-pharmaceutical interventions, lockdown
requirements, disease activity, and COVID-19 treatment
changed over time. As done previously,23 we assessed
durability of VE of 2 doses at monthly intervals for indi-
viduals who were immunised with two doses of
BNT162b2. Effectiveness over time was not assessed for
third doses since the recommendation was only recently
made available in the United States and thus there was
insufficient follow-up time to determine durability of a
third dose protection.

Adjusted HRs and 95% CIs were estimated by
including all measured covariates in the Cox models
with time-varying vaccination status. Variables included
in the multivariable models are shown in Table 1. Partic-
ipants who had immunocompromised conditions or
received immunosuppressive medications in the year
prior to index date were defined as having immunocom-
promised status using an algorithm modified slightly
from that described in a landmark study from Green-
berg and colleagues (Appendix Table 1a−c).38 Robust var-
iance was computed to account for clustering
introduced by including neighbourhood deprivation
index in the model. For all models, VE was calculated
3



BNT162b2 vaccination status SARS-COV-2 outcomes

Unvaccinated

(n=1 959 271)

Partially

vaccinated

(n=68 667)

Two doses (only)

plus ≥7 days

(n=829 100)

Three doses

plus ≥14 days

(n=276 037)

Uninfected

(n=2 919 754)

SARS-CoV-2

infection

(n=197 535)

COVID-19 hospital

admission

(n=15 786)

Total

(N=3 133 075)

Age, years

18�44 887400 (45.3%) 36100 (52.6%) 432092 (52.1%) 49969 (18.1%) 1297716 (44.4%) 104484 (52.9%) 3361 (21.3%) 1405561 (44.9%)

45�64 653633 (33.4%) 22850 (33.3%) 286114 (34.5%) 88646 (32.1%) 976165 (33.4%) 69311 (35.1%) 5767 (36.5%) 1051243 (33.6%)

≥65 418238 (21.3%) 9717 (14.2%) 110894 (13.4%) 137422 (49.8%) 645873 (22.1%) 23740 (12%) 6658 (42.2%) 676271 (21.6%)

≥75 166750 (8.5%) 3508 (5.1%) 43008 (5.2%) 52172 (18.9%) 254515 (8.7%) 7487 (3.8%) 3436 (21.8%) 265438 (8.5%)

Sex

Male 1004582 (51.3%) 35126 (51.2%) 454281 (54.8%) 156824 (56.8%) 1534849 (52.6%) 108696 (55%) 7268 (46%) 1650813 (52.7%)

Female 954589 (48.7%) 33535 (48.8%) 374782 (45.2%) 119212 (43.2%) 1384766 (47.4%) 88834 (45%) 8518 (54%) 1482118 (47.3%)

Other or unknown 100 (0%) 6 (0%) 37 (0%) 1 (0%) 139 (0%) 5 (0%) 0 (0%) 144 (0%)

Race/ethnicity

Asian 190286 (9.7%) 7198 (10.5%) 99906 (12%) 48870 (17.7%) 332683 (11.4%) 12271 (6.2%) 1306 (8.3%) 346260 (11.1%)

Black 163439 (8.3%) 5868 (8.5%) 62887 (7.6%) 20256 (7.3%) 236484 (8.1%) 14341 (7.3%) 1625 (10.3%) 252450 (8.1%)

Hispanic 761359 (38.9%) 29905 (43.6%) 365712 (44.1%) 78993 (28.6%) 1119807 (38.4%) 107898 (54.6%) 8264 (52.4%) 1235969 (39.4%)

Other 44356 (2.3%) 1629 (2.4%) 20127 (2.4%) 5384 (2%) 67398 (2.3%) 3910 (2%) 188 (1.2%) 71496 (2.3%)

Pacific Islander 13794 (0.7%) 494 (0.7%) 6381 (0.8%) 2764 (1%) 21892 (0.7%) 1362 (0.7%) 179 (1.1%) 23433 (0.7%)

Unknown 110069 (5.6%) 4016 (5.8%) 44872 (5.4%) 6526 (2.4%) 158423 (5.4%) 6872 (3.5%) 188 (1.2%) 165483 (5.3%)

White 675968 (34.5%) 19557 (28.5%) 229215 (27.6%) 113244 (41%) 983067 (33.7%) 50881 (25.8%) 4036 (25.6%) 1037984 (33.1%)

Body-mass index, kg/m2

Underweight (<18.5) 28548 (1.5%) 1076 (1.6%) 12138 (1.5%) 3299 (1.2%) 43187 (1.5%) 1718 (0.9%) 156 (1%) 45061 (1.4%)

Normal or healthy weight (18.5-24.9) 494391 (25.2%) 18044 (26.3%) 214061 (25.8%) 76328 (27.7%) 761462 (26.1%) 39150 (19.8%) 2212 (14%) 802824 (25.6%)

Overweight (25.0-29.9) 608290 (31%) 21205 (30.9%) 258305 (31.2%) 96262 (34.9%) 917561 (31.4%) 62065 (31.4%) 4436 (28.1%) 984062 (31.4%)

Obese, class 1 (30.0-4.9) 391103 (20%) 13311 (19.4%) 166114 (20%) 55887 (20.2%) 574903 (19.7%) 47460 (24%) 4052 (25.7%) 626415 (20%)

Obese, class 2-3 (>=35.0) 304321 (15.5%) 10291 (15%) 128566 (15.5%) 40029 (14.5%) 437537 (15%) 41064 (20.8%) 4606 (29.2%) 483207 (15.4%)

Unknown 132618 (6.8%) 4740 (6.9%) 49916 (6%) 4232 (1.5%) 185104 (6.3%) 6078 (3.1%) 324 (2.1%) 191506 (6.1%)

Comorbidities

Hypertension 438234 (22.4%) 11763 (17.1%) 144328 (17.4%) 115667 (41.9%) 665045 (22.8%) 37226 (18.8%) 7721 (48.9%) 709992 (22.7%)

Congestive heart failure 42092 (2.1%) 1090 (1.6%) 11772 (1.4%) 10198 (3.7%) 60720 (2.1%) 2832 (1.4%) 1600 (10.1%) 65152 (2.1%)

Myocardial infarction 25531 (1.3%) 654 (1%) 7065 (0.9%) 6474 (2.3%) 37243 (1.3%) 1731 (0.9%) 750 (4.8%) 39724 (1.3%)

Peripheral vascular disease 172295 (8.8%) 3961 (5.8%) 46259 (5.6%) 57516 (20.8%) 265294 (9.1%) 10690 (5.4%) 4047 (25.6%) 280031 (8.9%)

Cerebrovascular disease 32907 (1.7%) 921 (1.3%) 9965 (1.2%) 8272 (3%) 49015 (1.7%) 2182 (1.1%) 868 (5.5%) 52065 (1.7%)

Diabetes with unknown glycated haemoglobin 23939 (1.2%) 794 (1.2%) 8499 (1%) 2956 (1.1%) 33689 (1.2%) 2074 (1%) 425 (2.7%) 36188 (1.2%)

Diabetes with glycated haemoglobin <7.5% 148609 (7.6%) 3893 (5.7%) 47919 (5.8%) 42754 (15.5%) 226152 (7.7%) 13888 (7%) 3135 (19.9%) 243175 (7.8%)

Diabetes with unknown glycated haemoglobin ≥7.5% 80550 (4.1%) 2373 (3.5%) 27921 (3.4%) 16524 (6%) 115530 (4%) 9466 (4.8%) 2372 (15%) 127368 (4.1%)

Chronic obstructive pulmonary disase 178711 (9.1%) 5625 (8.2%) 66461 (8%) 38465 (13.9%) 267444 (9.2%) 19040 (9.6%) 2778 (17.6%) 289262 (9.2%)

Renal disease 101925 (5.2%) 2414 (3.5%) 27817 (3.4%) 29806 (10.8%) 152321 (5.2%) 6539 (3.3%) 3102 (19.7%) 161962 (5.2%)

Table 1 (Continued)
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as: (1−HR) multiplied by 100%. Aligning with evolving
BNT162b2 third dose recommendations in the United
States, we ran stratified analyses of VE for age groups
18�64 years, 65 years and older, and by immunocom-
promising status. Given that some studies have sug-
gested BNT162b2 effectiveness against hospital
admission may be lower or have more pronounced wan-
ing in individuals 75 years and older,39 we also ran strat-
ified analyses for this age group. Statistical comparisons
of VE by time since vaccination were made using Wald
x2 tests for contrasts within Cox models. All analyses
were performed using SAS Enterprise Guide statistical
software, version 7.1 Table 2.

This study was registered with ClinicalTrials.gov,
NCT04848584.
Role of the funding source
The funder of the study approved the study design, par-
ticipated in data interpretation, and writing of the
report.
Results
The study period ran from December 14, 2020 to
December 5, 2021. As of December 5, 2021, of 3 606
667 individuals assessed for eligibility, 3 133 075
(86¢9%) members met the inclusion criteria. Median
age was 45 years (IQR 33−62) and 1 482 118 (47¢3%)
participants were male. 1 235 969 (39¢4%) participants
were Hispanic, 1 037 984 (33¢1%) were white, 346 260
(11¢1%) were Asian, and 252 450 (8¢1%) Black, and 260
412 (8¢3%) were Pacific Islander, Native American, or
‘Other’. In the year before the study start date, 70 976
(2¢3%) of 3 133 075 participants had one or more positive
SARS-CoV-2 PCR tests (Table 1).

During the study period, 197 535 (6¢3%) of 3 133 075
participants were infected with SARS-CoV-2, among
whom 15 786 (8¢0%) were admitted to hospital. A
higher proportion of the individuals infected with
SARS-CoV-2 were younger (median age 44 years vs 48
years), and obese (> 30 kg/m2; 44¢8% vs 34¢6%) than
those who were not infected. Among those infected
with SARS-CoV-2, a higher proportion of those who
were admitted to hospital for COVID-19 were older,
male, had comorbidities, had Charlson Index score ≥ 4,
and had greater previous health-care utilisation than
those not admitted to hospital (Tables 1, Appendix 2).
Based on unpublished but internally validated natural
language processing algorithms to detect COVID-
related symptoms, 91% of both positive SARS-CoV-2
infections and hospital admissions were symptomatic.

By December 5, 2021, 1 173 804 (37¢5%) of 3 133 075
cohort members had received one or more doses of
BNT162b2 (1 063 877 received ≥ 1 dose of mRNA-1273
[Moderna], 129 490 Ad26.COV2.S [Janssen], 533 other
COVID-19 vaccines or mixed regimens, and 765 371
5



Unvaccinated Immunized with 2 doses with ≥6 mos
after 2nd dose

Immunized with 3 doses Adjusted VE of 3
doses relative to
unvaccinated

Adjusted VE of 3
doses relative to
≥6 mos after
2nd dose

Cases Person
Years

Rate per
100 000
person-
years

Cases Person
Years

Rate per
100 000
person-
years

Cases Person
Years

Rate per
100 000
person-
years

SARS-CoV-2 infection

Age, years

≥18 166671 1254548 13285.3 4070 108473 3752.1 183 26406 693.0 88 (86- 89) 75 (71- 78)

18�64 148151 1068390 13866.8 3230 77789 4152.3 96 11378 843.7 89 (87- 91) 77 (71- 81)

≥65 18520 186158 9948.5 840 30 683 2737.7 87 15 028 578.9 89 (86- 91) 78 (72�82)

≥75 5724 68547 8350.5 257 12 845 2000.8 33 5776 571.3 86 (79- 90) 70 (56�79)

Immunocompromised 4169 28151 14809.4 129 2997 4304.3 22 1892 1162.8 84 (75- 90) 68 (49�80)

Non-immunocompromised 162502 1226398 13250.3 3941 105476 3736.4 161 24513 656.8 88 (86- 90) 76 (72- 79)

COVID-19 hospital admission

Age, years

≥18 13910 1315744 1057.2 172 113490 151.6 14 27163 51.5 97 (95- 98) 70 (48- 83)

18�64 8291 1125783 736.5 52 81993 63.4 6 11809 50.8 95 (89- 98) 28 (-68- 69)

≥65 5619 189962 2958.0 120 31 498 381.0 8 15 354 52.1 97 (95- 99) 83 (64�92)

≥75 2812 69427 4050.3 80 13 083 611.5 4 5864 68.2 97 (92- 99) 86 (62�95)

Immunocompromised 998 29276 3408.9 22 3125 704.0 6 1941 309.1 87 (70-95) 55 (-11-82)

Non-immunocompromised 12912 1286468 1003.7 150 110365 135.9 8 25222 31.7 98 (96- 99) 79 (56-90)

Table 2: Relative vaccine effectiveness (VE) of BNT162b2 of three doses versus unvaccinated, and three doses versus two doses at least 6 months prior.
Note: Regression models were adjusted for all variables described in Table 1.
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remained unvaccinated). Of these, 829 100 (26¢5%) of 3
133 075 were immunised with only two doses of
BNT162b2, and 276 037 (8¢8%) were immunised with
three BNT162b2 doses after August 12, 2021 (Table 1).
Only 3¢5% (10 035 / 276 037) were vaccinated with a
third dose less than 6 months after receipt of the second
dose. Median time since being immunised with three
doses (14 days after third dose) was 1¢3 months (SD
0¢6). Median time since being immunised with only
two doses (7 days after second dose) was 7¢1 months
(SD 2¢4). Among individuals who received three doses,
median time between receipt of the second and third
dose was 7¢4 months (SD 1¢1).

Similar to our previous analysis23, among those who
were immunised with only two doses of BNT162b2, VE
against infection decreased with increasing time since
vaccination, declining from 85% (95% CI 83−86) dur-
ing the first month after being immunised (7 to 36 days
after the second dose) to 49% (46−51) after ≥7 months
(≥217 days after second dose, p<0¢0001; Figures 1a;
Appendix 1a, Appendix Table 3a). Effectiveness of immu-
nisation with only two doses waned for individuals aged
18�64 years and 65 years and older (Figure 2a and c,
Appendix Table 3a) and for both immunocompromised
and non-immunocompromised groups (Figure 3a and
c, Appendix Table 3c).

Among all adults who were immunised with only
two doses, overall adjusted VE estimates for COVID-19
hospital admissions were 90% (95% CI 86−92) within
1 month, and 88% (85−90) at ≥7 months, showing no
significant waning (p=0¢004; Figures 2b; Appendix 1b,
Appendix Table 3b). For immunocompromised patients,
VE fell from 93% (95% CI 72−98) at 1 month after
being immunised with two doses to 74% (45−88) after
≥7 months, however, this finding was not statistically
significant (p=0¢490; Figure 3b, Appendix Table 3c).

Individuals who were immunised with three doses of
BNT162b2 had an adjusted VE of 88% (95% CI 86−89)
against SARS-CoV-2 infections and 97% (95−98)
against COVID-19-related hospital admissions
(Figures 1a and b; Appendix 1a and b, Appendix Table 3a
and b). Estimates of three-dose VE against infections
were similar across age groups and immunocomprom-
ising status, with VE ranging from 84 to 89% (Fig-
ures 2,3, Appendix Table 3a and c). Among adults aged
65 years and older, VE against infections after three
doses (89% [95% CI 86−91]) was higher than VE in the
first month after being immunised with only two doses
(80% [95% CI 74−85], p <0.001; Figure 2c, Appendix
Table 3a). Estimates of three-dose VE against hospital
admission was similar across age groups (VE of 97%
for age groups 18 years and older, 65 years and older,
and 75 years and older; Figures 1,2, Appendix Table 3b)
and slightly lower for immunocompromised patients
versus those who were not (87% [95% CI 70�95] vs
98% [96�99]; Figure 3b and d, Appendix Table 3c).
Among all adults, VE against hospitalization with three
www.thelancet.com Vol 00 Month , 2022
doses (97% [95% CI 95−98]) was higher compared to
VE one month after only two doses (90% [86−92], p
=0.002). Given that 91% of all infections were symp-
tomatic, we did not see a notable difference in adjusted
effectiveness of three doses against symptomatic
COVID-19 (90% [95% CI 88−92]) and all SARS-CoV-2
infections (88% [86−89]). Similarly, effectiveness
against hospital admission with COVID-19 symptoms
mirrored that of effectiveness for all admissions with a
positive SARS-CoV-2 test. VE against hospital admis-
sion with COVID-19 symptoms was 91% (95%CI 88
−93) one month after being immunized with two doses
and 97% (95−98) after three doses.

The relative VE comparing adults immunised with
three doses to those who had only two doses of
BNT1612b2 with at least 6 months since receipt of the
second dose was 75% (95% CI 71�78) and 70%
(48�83) against infections and hospital admissions,
respectively (Appendix Table 3a and b). Relative VE of a
third dose versus two doses was highest for preventing
hospital admissions among the elderly (65 years and
older: 83% [95% CI 64�92]; 75 years and older: 86%
[95% CI 62�95]; Tables 2, Appendix 3b).
Discussion
Waning of vaccine-induced immunity after two doses of
BNT162b2 has been demonstrated in a variety of set-
tings and against several SARS-CoV-2 outcomes,23,40
−47 and was further supported by the data in this study.
Further, we found that a third (booster) dose of
BNT162b2, now recommended by CDC for all US indi-
viduals aged 16 years and older,24,28 restored high levels
of protection against SARS-CoV-2 infections and
COVID-19 hospital admissions in a large population of
US adults aged 18 years and older.

In an extension to our previous analysis,23 our
results showed that among all adults aged 18 years and
older, VE of only two doses of BNT162b2 against infec-
tion fell from 85% (95% CI 83−86) at 1 month to 49%
(46−51) after ≥7 months. However, after being immu-
nised with a third dose, VE against infections was
restored to 88% (95% CI 86−89) over a median follow-
up time of 1¢3 months after being fully immunised with
a third dose. This trend was seen across age groups and
regardless of immunocompromising status. Among
adults aged 65 years and older, VE against infections
with three doses (89% [95% CI 86−91]) was higher
than the VE in the first month after being immunised
with only two doses (80% [95% CI 74−85]).

The public health impact of a third dose to prevent
severe disease is substantial. We estimated that the rate
of hospital admission among all adults aged 18 years
and older at least 6 months after their second dose was
154 per 100,000 person-years, and that for those with 3
doses was 52 per 100,000 person-years. Therefore,
among all adults, the absolute rate reduction for
7



Figure 1. Vaccine effectiveness of 2- and 3-doses of BNT162b2 against (A) SARS-CoV-2 infections and (B) COVID-19 hospital admis-
sions �� December 14, 2020 to December 5, 2021.

*Blue circles represent 2-dose VE estimates, and the yellow circles represent 3-dose VE estimates. The bars represent 95% confi-
dence intervals. Estimates are adjusted for age, sex, race/ethnicity, body mass index, comorbidities, Charlson comorbidity index, pre-
vious SARS-CoV-2 PCR, previous positive SARS-CoV-2 serology, influenza vaccine in year prior, pneumococcal vaccine in prior
5 years, neighborhood deprivation index, prior healthcare utilization (Tables 1, Appendix 2).
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Figure 2. Vaccine effectiveness (VE) of 2- and 3-doses of BNT162b2 against SARS-CoV-2 infections and COVID-19 hospital admis-
sions by age group �� December 14, 2020 to December 5, 2021. (A) VE against infections among individuals aged 18�64 years; (B)
VE against hospital admissions among individuals aged 18�64 years; (C) VE against infections among individuals aged 65 years and
older; (D) VE against hospital admissions among individuals aged 65 years and older; (E) VE against infections among individuals
aged 75 years and older; (F) VE against hospital admissions among individuals aged 75 years and older.

*Blue circles represent 2-dose VE estimates, and the yellow circles represent 3-dose VE estimates. The bars represent 95% confi-
dence intervals. Estimates are adjusted for age, sex, race/ethnicity, body mass index, comorbidities, Charlson comorbidity index, pre-
vious SARS-CoV-2 PCR, previous positive SARS-CoV-2 serology, influenza vaccine in year prior, pneumococcal vaccine in prior
5 years, neighborhood deprivation index, prior healthcare utilization (Tables 1, Appendix 2).

Figure 3. Vaccine effectiveness (VE) of 2- and 3-doses of BNT162b2 against SARS-CoV-2 infections and COVID-19 hospital admis-
sions by immunocompromising status �� December 14, 2020 to December 5, 2021. (A) VE against infections among immunocom-
promised; (B) VE against hospital admissions among immunocompromised; (C) VE against infections among non-
immunocompromised; (D) VE against hospital admissions among non-immunocompromised.

*Blue circles represent 2-dose VE estimates, and the yellow circles represent 3-dose VE estimates. The bars represent 95% confi-
dence intervals. Estimates are adjusted for age, sex, race/ethnicity, body mass index, comorbidities, Charlson comorbidity index, pre-
vious SARS-CoV-2 PCR, previous positive SARS-CoV-2 serology, influenza vaccine in year prior, pneumococcal vaccine in prior
5 years, neighborhood deprivation index, prior healthcare utilization (Tables 1, Appendix 2).
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administering a third dose was 102 hospital admissions
per 100,000 person-years—a finding that is comparable
to rate reductions seen after the booster program in
Israel.26

The estimated relative effectiveness of a third dose
observed in our study (which represents the relative fur-
ther reduction in rates of SARS-CoV-2 infections and
COVID-19 infections when giving a booster dose to
individuals who were immunized with only two doses
at least 6 months ago) was 70 to 78% against infections
and 70 to 86% against hospital admissions across age
groups. These estimates of relative effectiveness are
slightly higher than those observed in an unpublished
study of US Veterans,48 and slightly lower than those
observed in the randomized clinical trial setting24 and
in reports from Israel.26,32−34 Differences in estimated
relative VE observed in our study versus the clinical
trial24 are likely primarily explained by the fact that the
average time between receipt of the second and third
doses in our study was around 7 months but was longer
(around 10 months; i.e., more waning after the second
dose) in the clinical trial. In addition, we measured
effectiveness against SARS-CoV-2 infections (both
symptomatic and asymptomatic illness), while the clini-
cal trial24 evaluated effectiveness against symptomatic
COVID-19 only, where the impact of vaccination may
be larger. In Israel, more healthy young individuals
have received a booster dose compared to the US
booster program which primarily targeted the elderly
and high-risk during the time our study was conducted.
Thus, subtle differences in relative VE across studies
are likely explained by differences in study populations
and endpoints, time since receipt of the second dose,
and disease activity at the time of study conduct. Impor-
tantly, all studies that have evaluated relative VE of a
third dose—including ours—have shown a meaningful
improvement in VE against a broad range of SARS-
CoV-2 outcomes. Unlike prior studies, however, we fur-
ther provide estimates for three doses compared to
unvaccinated individuals to provide helpful context and
support the interpretation of our findings.

VE against hospital admission after two doses did
not wane to the same extent as VE against infection
waned. Waning of VE against hospital admission over 7
months was not observed in our combined overall esti-
mate. However, VE against hospital admission appeared
to wane from the first month to up to 8 months for
immunocompromised patients (93% to 74%), although
this finding was not statistically significant. Notably,
among all adults, VE against hospitalization after being
immunised with a third dose (97% [95% CI 95−98])
was significantly higher than VE in the first month after
being immunised with only two doses (90% [86−92]).

High VE after a third dose against both SARS-CoV-2
infections and COVID-19 hospital admissions seen in
our study corresponds to a time when the delta variant
accounted for ≥ 99% of all SARS-CoV-2 infections at
KPSC and the United States. Thus, our third dose VE
estimates can be interpreted as delta-specific and, simi-
lar to early studies from Israel26,32−34, provides reassur-
ance that a third dose of BNT162b2 restores high levels
of protection against the delta variant of concern (VOC).
This is consistent with clinical data showing that neu-
tralizing antibody levels not only improved after a third
dose (compared to post-dose two), but also that the
breadth of coverage against variants of concern seemed
to increase, as neutralizing antibody levels against the
wild-type strain versus beta and delta variants were
much more comparable after receiving a third dose
compared to a second dose.24 This has also been
observed for the recently characterized omicron variant,
and preliminary laboratory data using a pseudovirus
neutralization assay suggest that while two primary
doses may not elicit robust neutralizing antibody
responses, three doses do.49 Preliminary omicron-spe-
cific VE estimates from Public Health England confirm
this, showing that while two doses may only provide
limited protection against omicron infection, three
doses improve protection from 70 to 75%.50 However,
as the prevalence of omicron continues to increase,
additional studies evaluating the effectiveness and dura-
bility of booster doses will be required, to continue to
inform the utility of third doses and the potential need
for additional vaccine doses overtime to combat the omi-
cron and other emerging VOCs.

As this study was observational, unmeasured con-
founding cannot be ruled out. Unmeasured differences
between vaccinated and unvaccinated individuals and
between those who choose to receive a third dose versus
those who did not could impact our VE estimates. For
example, we did not have information about adherence
to masking guidelines, social interactions, and occupa-
tion, which are related to likelihood of testing for SARS-
CoV-2 either when experiencing symptoms or routinely
as a preventive measure. However, testing was widely
available and provided free of charge in KPSC during
the study period. Moreover, our Cox models controlled
for important sociodemographic and clinical character-
istics including time, age, sex, race/ethnicity, neighbor-
hood deprivation index, history or SARS-CoV-2 testing
and healthcare utilisation, and history of underlying
comorbidities and/or immunocompromising condi-
tions. Thus, our comparisons are well-balanced across
these known potential confounders. Although history of
comorbidities and immunocompromising status were
not time-varying, they were based on recent health
records in the year prior to the patient’s index date.
Another limitation is that we relied on KPSC electronic
health records to ascertain vaccination status, and some
vaccinations administered outside of the health system
could be missed. However, KPSC supplements their
medical record information with vaccination history
data from the California Immunisation Registry to min-
imize this risk of bias. Similarly, SARS-CoV-2 infection
www.thelancet.com Vol 00 Month , 2022
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was based on positive tests captured in the KPSC system
and may not be reflective of all infections, including
those for which testing was not sought and those not
reported to KPSC.

In summary, our results suggest that being immu-
nised with a third dose of BNT162b2 confers compara-
ble, if not better, protection against SARS-CoV-2
infections and COVID-19 hospital admissions as was
seen in the first few months after receiving two doses.
Importantly, these findings confirm that three doses
ensure high protection against the delta variant, which
accounted for > 99% of infections in the United States
during the time when third doses were administered in
our study.23 These data, combined with the improved
immunogenicity, high efficacy, and tolerable safety pro-
file of a third BNT162b2 dose observed in the clinical
trial setting1,24 and with preliminary real-world data
from the BNT162b2 booster program in Israel,26,32−34

support the benefit of broad age-based recommenda-
tions for third doses—especially in the context of the
delta variant and the expansion of the highly transmissi-
ble omicron variant. Finally, preliminary immunogenic-
ity and real-world effectiveness data suggest that third
doses of BNT162b2 will likely help confer protection
against omicron.49 However, additional studies evaluat-
ing the real-world VE of both two and three doses of
BNT162b2 against this emerging variant are still
needed.
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